The positive effects of resistance training on distance-running performance through enhanced running economy are well established. However, few practical recommendations exist to aid coaches in planning resistance training to supplement a distance-running program. This article reviews literature in this area and offers practical applications for the athletics coach.
Resistance training for distance running: a brief update
Combining strength and power with endurance training is difficult because of the conflicting demands of each type of activity and the possible antagonism of the training responses they elicit (33) . The contrasting physiological demands of strength and endurance training may lead to interference, meaning that the training effect from one type of training negates the other (13, 42) . It has been suggested that concurrent strength and endurance training (CSET) impedes strength development (7, 14, 34) . In contrast, increases in strength after CSET have also been reported (3, (26) (27) (28) , with others (13) reporting improvements in upperbody but not lower-body strength. However, a common conclusion from the above studies was that endurance training adaptations were not affected, leading to the notion that concurrent resistance and endurance training did not affect V˙O2max (negatively or positively).
From the large body of CSET literature, it appears that distance runners or participants in endurance sports that require a significant amount of running (i.e., team sports) appear to gain the most advantage from resistance training (20) . In distance running (operationally defined for this article as races greater than 5,000 m), although aerobic energy requirements play a predominant role, events involving an anaerobic contribution (i.e., sprint finishes, hill climbs, surges in pace) suggest that including anaerobic forms of training in a distance runners' program may have some benefit. Resistance training may also be beneficial in regard to injury prevention, based on the assumption that stronger tissues from resistance training sustain damage less often (12) . However, it is the use of resistance training for improving endurance factors related to performance, such as running economy (RE) , that provides the stronger argument for the inclusion of strength training in a distance runners' program. The more important issue, therefore, is what specific resistance training is required and how both types of training should be structured to enhance endurance performance. The purpose of this article is to examine the influence of resistance training on distance-running performance and how the distance-running athlete should implement a resistance-training program.
Resistance training and distance-running performance indicators
"Running Economy (RE) is typically defined as the energy demand for a given velocity of submaximal running, and is determined by measuring the steady state consumption of oxygen (V˙O2) and the respiratory exchange ratio" (35) . RE is one of the most important physiological determinants of endurance performance, in addition to maximum oxygen consumption (V˙O2max) and lactate threshold (LT). Indeed, the strong association between RE and distance-running performance suggests that RE may be a better predictor of performance than maximum oxygen uptake in elite runners with similar V˙O2max (35) . Runners with good RE use less energy and therefore less oxygen than runners with poor RE at the same velocity (35) . Hence, performance can be improved through running a set distance at a higher velocity or being able to run longer at a set velocity.
The effect of resistance training on other markers of endurance running ability (LT and V˙O2max) remains ambiguous, as few studies have been performed on elite or subelite distance runners. LT has only been shown to be enhanced from resistance training when untrained subjects are involved (25) . In a review of the impact of resistance training on distance running performance (18) , it was reported that supplementary resistance training does not improve V˙O2max in the highly-trained runner.
However, the results of several studies suggest that V˙O2max would not be hindered by 8-16 weeks of resistance training (18) .
The negligible effects of resistance training on V˙O2max is understandable, given that insufficient stimulus is provided by this type of training to make an impact on V˙O2max. In elite athletes, the trainability of V˙O2max with endurance training alone is limited anyway (15) , with only small gains likely from active recovery to preparation phases of an annual cycle. Indeed, a 5-year case study on an elite female distance runner (17) found that improvements in 3,000-m race performance were accompanied by small declines in V˙O2max, but improvements in submaximal physiological variables, such as LT and RE, and the estimated running speed at V˙O2max were evident.
Several studies have shown the enhancement of RE through resistance training. A study on a group of university female cross-country runners found that 10 weeks of resistance training improved RE through enhanced leg strength (16) . In support of this, Millet et al. (27) found that a 14-week combination of endurance training and heavy weight training (>90% of 1 repetition maximum [1RM]) in well-trained (mean pretraining V˙O2max = 69.7 ml·min-1·kg-1) triathletes enhanced RE and leg strength and power, and had no negative effect on aerobic capacity. However, both these authors failed to discuss whether this influenced competitive performance (time trial performance).
In summary, RE is an important discriminator of endurance performance in elite athletes, and supplementary weight training in well-trained distance runners' programs can be effective in developing RE. Aerobic capacity is not influenced by weight training and has limited trainability in elite athletes. The influence of supplementary weight training on LT in distance runners remains unsubstantiated. Therefore, the development of RE is an important reason for focusing on weight training for a competitive endurance athlete.
Explosive training and RE
Some evidence suggests that explosive resistance training may be more beneficial in increasing distance-running performance in trained subjects (V˙O2max >50 ml·kg-1· min-1) than traditional weight training. Paavolainen et al. (29) found that substituting 33% of endurance training time with explosive activity (i.e., sprints, plyometrics, light resistance [0-40% of 1RM] exercises performed quickly) in elite male crosscountry runners' (orienteers') programs (pretest V˙O2max >60 ml·kg-1· min-1) for 9 weeks enhanced 5-km run time and RE without a change in V˙O2max. These findings indicate that explosive resistance training can improve RE and performance as a consequence of enhanced neuromuscular functioning (29). However, because of the combination of methods used in the experimental group (explosive-strength, endurance, and circuit training), the specific contribution of the individual methods cannot be determined.
Two recent studies have provided support for the notion that plyometrics alone when supplementing a running program improves endurance performance. Turner et al. (38) found that a 6-week plyometric training program improved RE by 4-6% in moderately trained distance runners (mean pretest V˙O2max ranging between 50 and 55 ml·kg-1· min-1). The mechanisms behind this remained unclear because of a range of jump tests showing no significant change. Spurrs et al. (37) have also established that 6 weeks of plyometric training enhances RE by 2-3% in runners of similar ability (mean pretest V˙O2max ranging between 57 and 58 ml·kg-1· min-1). Although gains of the above ranges may appear small, they are likely to have a significant impact on distance-running performance for an elite athlete (38) . For instance, in the latter study the 2-3% improvement in RE coincided with a 16-second (2.5%) improvement in mean 3-km running performance.
Potential mechanisms for the enhanced RE could indeed be neuromuscular. Adaptations to the nervous system may allow better intermuscular coordination of all relevant muscles, leading to greater net force (33) . Muscular adaptations could also account for enhanced RE, as strength training could cause increased strength of the slow-twitch fibers (16) , thus requiring less motor-unit activation to produce a given force, whereas endurance training could modify existing fiber characteristics (31) , influencing the oxidative potential of type IIa fibers. Therefore, fast-twitch fibers may be utilized for a longer duration in the race, thus increasing running speed. A more efficient recruitment pattern, whether from neural or muscular adaptations, may require a lower oxygen cost at a given running speed (16) . The conversion of Type IIb fibers to Type IIa is a common muscular adaptation of both training methods. This adaptation could potentially improve the oxidative capacity of muscle, as Type IIa fibers are more oxidative. However, this appears to be refuted by previous research (4) as a mechanism behind the improvement in RE from resistance training.
One of the key components of RE is the ability to use the stretch-shortening cycle (SSC) during ground contact (18) . The SSC involves improved concentric force and rate of force development following an eccentric contraction when the lower limb joints flex on ground contact. The mechanisms behind this phenomenon are thought to be neurophysiological, involving potentiation of the concentric contraction by use of the stretch reflex, or mechanical, such as the recoil of the elastic tissues (connective tissue, tendon) stretched during the eccentric phase, providing that a short time period takes place between eccentric and concentric contractions (30) . However, there is some argument that the latter is not the exact interpretation of the mechanism; rather, the muscles can build up force prior to the concentric phase, leading to an enhanced concentric performance of the muscles (39) . Although it is likely that both neurophysiological and mechanical mechanisms contribute to increased force production during the SSC, the degree to w hich the two contribute remains speculative.
Plyometric training enhances the muscles' ability to generate power through exaggerating the SSC. It is suggested that plyometric training improves the ability of the lower limb joints to act stiffer on ground contact, thereby reducing the delay between the eccentric and concentric contractions. This makes the SSC action more efficient during each footfall, leading to a more economical running style (37) . In support of this theory, Dalleau et al. (5) have demonstrated through a theoretical study on RE that increasing the stiffness of the propulsive leg provided a lower energy cost per footfall. This would imply that athletes with greater reactive strength are more economical on each stride. Moreover, Spurrs et al. (37) found improvements in countermovement jump, a 5-bounds test, musculotendinous stiffness, and rate of force development during a seated calf raise test along with enhanced RE from plyometric training.
However, it is likely that an optimal level of stiffness exists for enhanced SSC performance. Walshe and Wilson (40) found that subjects with greater musculotendinous stiffness had impaired drop-jump performance at higher drop heights compared to more compliant subjects, but this impairment was not evident at lower drop heights. The decreased performance by stiffer subjects at higher stretch loads was potentially caused by more inhibition from the Golgi tendon organ (40) . Distance running is likely to involve lower stretch loads compared to other sports (i.e., jumping); hence, an increased stiffness from resistance training would not impair SSC performance. It is worth noting at this point that a tradeoff between stiffness and running performance may need to be considered. Unnecessarily increased stiffness results in shorter stride length (6) , and consequently in decreased running performance. Therefore, although resistance training has the potential to enhance endurance training, care needs to be given to the structure of the training program. To achieve optimal conditions, stiffness must be increased to the point at which it assists the rebound action but does not impede the stride length. Therefore, the combined effects of endurance and resistance training on tendon stiffness may require further investigation.
In summary, there is an increasing amount of literature supporting the use of resistance and plyometric training in distance-running programs to enhance RE and competitive performance (time trials). The additional roles of resistance training for enhancing injury prevention and anaerobic capacity provide further support for the inclusion of resistance training in a distance runner's program. The mechanisms responsible for the enhancement of RE are unclear, but improved efficiency of the SSC during the ground-contact phase has been strongly suggested.
Periodization
Two mechanisms that have previously been proposed to account for the negligible effects of CSET on strength and endurance are the inability of skeletal muscle to adapt to conflicting endurance and resistance training demands, and the residual fatigue from an endurance session, which affects the quality of the subsequent strength training session (23) . Therefore, the periodization of resistance and endurance training and the timing between resistance and endurance training sessions are important factors to consider in avoiding interference from each type of training (42) .
There is a dearth of literature surrounding the optimal way to periodize CSET programs. Much of the knowledge available to strength and conditioning coaches is anecdotal and not fully examined scientifically. A common fault for distance runners is that the resistance training tends to involve high repetitions at low intensities throughout the year, in fear that muscle mass may be unnecessarily increased and that heavy lifting may hinder V˙O2max (9) . One study (32) has found that a periodization model termed "reverse linear" (increasing volume/lowering intensity) is more effective than a traditional (linear) or undulating model for improving muscular endurance. However, based on the mechanisms of adaptation to resistance training on RE (see previous section), being able to produce high force quickly and respond to stretch loads imposed on the body during ground contact is more important than local muscular endurance to performance. Also, the level of force produced by the lower body during ground contact relates to running velocity (41).
Zatsiorsky (42) suggests that the solution is to conduct sequential strength and endurance programs, focusing first on strength and then on endurance, and further suggests that "it is less efficient to proceed in the other order." In relation to distance running, other authors (9, 12) have presented practical advice suggesting the opposite of Zatsiorsky's view, but following a similar principle of matching the resistance training with the endurance training performed at the same time during the cycle. In essence, the resistance training should parallel the pattern of the running program (9), whereby the off-season involves low-intensity high-volume distance running and as the competitive season approaches a higher quality and lower volume of interval training is performed. Previous research showing improvements in RE from either weight training (16) or plyometric training (37) have shown traditional progression in training intensity and volume over a mesocycle length of training over 10 and 6 weeks, respectively. This provides some support for the adoption of this approach to the resistance-training program for athletes.
One study (8) has enabled speculation that the level of athlete may dictate whether a traditional model or a reverse of this would be more profitable, with athletes having greater pretraining status responding better to a traditional model. However, this research was performed on rowers with moderate V˙O2max, and training volume was not matched between experimental groups. Clearly more research is needed to expandon this idea.
Intersession recovery between strength and endurance training
In light of the above with regard to CSET and periodizing, the sequencing of the 2 components must be examined to provide a theoretical base on which a periodized plan can be constructed. Indeed, a large body of research has examined the effects of various modes of endurance activity on strength. Lepers et al. (21) and Gómez et al. (11) examined the effects of prolonged running exercises of 2 hours and a 10-km simulated race, respectively, on strength performance. Lepers et al. (21) concluded that the 2-hour run significantly affected the eccentric force production of the quadriceps muscles immediately after the run, but there was no further postrun measurement point. Gómez et al. (11) also found decreased power of the knee flexors immediately after the 10-km race. However, the runners had almost recovered and returned to their baseline strength and power values 48 hours after the run. They suggested this as an appropriate interval between endurance and strength training sessions. Nevertheless, this may be impractical for the distance-running athlete, as endurance-training sessions usually take place every day.
Abernethy (1), Leveritt and Abernethy (22) , and Sporer and Wenger (36) examined the effects of endurance training on strength, and the latter authors additionally investigated recovery periods. Abernethy (1) concluded that his results support the acute fatigue hypothesis, as both running protocols had a negative effect on strength 4 hours after the run. Leveritt and Abernethy (22) had similar findings for high-intensity endurance performance. Finally, Sporer and Wenger (36) supported those findings, as they also identified a decrease in strength performance of the involved muscle groups up to 8 hours after the run. They suggested that 40 minutes of endurance training impairs strength production for 8 hours following that performance.
It is interesting to note that Leveritt et al. (24) found no difference in strength 8 hours after a 50-minute cycling task of comparable exercise intensity to that studied by Sporer and Wenger (36) , contradicting all the above-mentioned literature. This study used a non-weightbearing activity (i.e., cycling) as a means of endurance performance, and it merits further examination. Being a nonweightbearing activity, cycling involves no ground contact with the lower limbs. This is in contrast to running, which involves greater SSC activity imposed by ground contact when the impact forces are larger and produce greater stretch loads. Fatigue from SSC exercises, whether of short or long (i.e., marathon running) duration, taxes all major elements: metabolic, mechanical, and neural (19) . Furthermore, the recovery is lengthy and bimodal, with delayed muscle damage impairing muscle stiffness regulation (19) . This may have important implications for strength training that follows, particularly if it involves further SSC exercise.
The majority of literature investigates the effects of endurance training on subsequent strength performance. Although the chronic effects of resistance training on endurance performance have been well investigated, little research has been conducted into the acute effects of strength training on endurance performance, despite suggestions and recommendations that resistance training should be performed first (36, 42) . Fitness-fatigue characteristics for both types of training session will differ; despite being independent of each other, they will have a cumulative effect. This will have important ramifications in designing training programs when the emphasis is on one and not the other physical quality.
In summary, the distance runner's yearly plan should provide the foundation for periodizing concurrent endurance and resistance training. The resistance-training program should follow a traditional periodization model, with the volume and intensity of the resistance training coinciding with the endurance training emphasis at that time in the cycle. The timing between resistance and endurance training sessions is another important consideration in trying to avoid interference effects. The available literature relating to the acute effects of endurance training on strength tends to suggest that at least 8 hours' recovery is required between endurance and resistance training sessions. Ideally, resistance and endurance training should be performed on separate days, but this may be impractical for the distance runner. No research to date is available that has investigated the effects of a resistance training session on subsequent endurance performance to indicate a required recovery period in this regard.
Conclusion
In recent years strong evidence has emerged as to the positive effects of strength training (in particular explosive strength and plyometric training) on distance-running performance (RE and 3-to 10-km time trials) in trained distance runners (V˙O2max >50 ml·kg-1· min-1). Although the exact mechanisms remain unclear, it is believed that enhanced storage and release of elastic energy during ground contact is one such mechanism. The resistance training should follow a traditional periodization model, coinciding with the emphasis of the running program at that point in the cycle to avoid interference. Resistance and endurance sessions should be performed on separate days or should at least be separated by 8 hours, with the priority session performed first, to again avoid interference effects.
Practical recommendations for athletics coaches
Providing recommendations for a range of different athletes racing at a variety of distances is not possible. All athletes, regardless of the event, should be subject to a thorough needs analysis prior to design of a resistance-training program. With this in mind, the following section provides an overview of an annual resistance-training program for a 5-to 10-km distance runner with 1 competition phase during the summer track season. This example should be adaptable forany given athlete based on the athlete's needs analysis.
In this example (Table 1) , the athlete develops basic aerobic factors in phase 2 through a high volume of endurance running. The restoration of V˙O2max (phase 2) to competition levels should not take too long for high-level athletes, and therefore during this phase the endurance and resistance training programs can look to develop other relevant performance factors such as RE and LT. During this phase, the resistance training should aim to elicit some basic strength adaptation (i.e., 3 sets of 10 repetitions at 60-70% of 1RM), rather than muscular endurance, which should be adequately developed through the running program. This load should be appropriate for developing strength in preparation for plyometric training and a higher intensity of weight training during phase 3 (i.e., 3 sets of 6-8 repetitions at above 80% of 1RM), which will be necessary to develop RE and improve anaerobic performance (29, 37, 38) . As the competitive season approaches (phase 3), the volume of endurance work decreases but the quality (speed) increases. The resistance training sessions here should be of greater quality (i.e., increased load, lower volume, plyometrics incorporated) aiming to increase strength and power (2, 12) in order to help develop RE. Training studies for plyometric or explosive training indicate 6-9 weeks' duration for development of RE (29, 37, 38) in well-trained athletes, and therefore the annual cycle should incorporate a power mesocycle of at least this length prior to the competitive season. During phase 4, a maintenance program is required to sustain strength and power to enhance performance and injury prevention. Table 2 provides sample sessions performed during phases 2, 3, and 4 of the model in order to illustrate the types of exercises and dosages used during each phase. Runners need to develop lower limb strength, as the lower limbs are subject to loads of 4-8 times body weight during ground contact for walking and running, respectively (10) . Hence, exercises such as squats and lunges are important core resistance exercises to enhance performance. In addition, assistance exercises such as calf raises and ankle dorsiflexion using elastic resistance should be used to develop strength of the gastrocnemius and tibialis anterior, respectively, to prevent common running injuries such as Achilles tendonitis and shin splints. Upper-body exercises are included in phase 2 to aid upper-body strength for arm and symmetrical movements of the body while running. During phase 3, exercises are selected to enhance strength and power of the lower body ( Table 2 ). The upper body will have some involvement in power exercises such as hang clean and split jerks. Plyometrics should be incorporated during this phase to enhance reactive strength, beginning the phase with lower-intensity drills such as squat jumps and vertical jumps and progressing to more intense exercises such as drop jumps and bounds (Table 2 ) by the end of this phase. Exercises should be incorporated throughout each phase to develop torso strength to aid postural control while running. These can include sit-ups, back extensions, and oblique exercises as well as various bridging exercises to enhance isometric endurance.
The resistance and endurance training ideally should take place on separate days. If this is impractical, then 8 hours of recovery from the endurance session should be permitted to allow optimal adaptations from the resistance training session. Hence, each session depicted in Table 2 is performed either during the morning or during an evening when the running session has been performed 8 hours previously.
